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4.0 DISCUSSION

Data collected during this study addressed the following research objectives:

• Characterize emission rates and resultant indoor air concentrations and personal
exposures for particulate matter (PM), carbon monoxide (CO), nitric oxide (NO), and
nitrogen dioxide (NO2) produced by residential cooking under typical and realistic
worst-case conditions

• Characterize emission rates and resultant indoor air concentrations for other cooking
pollutants such as PAHs, elements, and other potential marker compounds

• Measure the effectiveness of selected exposure reduction practices

As discussed in this section of the report, the data successfully addresses the objectives
and provides a better understanding of the impact of cooking on exposures to occupants of
residences.  The results show that indoor concentrations of the air contaminants can be
substantially elevated during certain types of cooking events, making a substantial contribution
to the occupant’s total exposure.  The study also addressed selected reduction practices,
demonstrating the impact on emissions of the various air contaminants.

The gas stove results, particularly those for CO, were clearly influenced by the fact that
this unit was tuned and well cleaned before testing began.  Routine maintenance of gas stoves in
homes is the exception rather than the rule.  Consequently, weatherization field workers and
researchers have documented a common occurrence of dirty, maltuned gas stoves, which can
produce indoor CO levels (Nelson et al., 1993, Tsongas 1994) that are over an order of
magnitude higher than the levels found in this study.  Higher PM, NO2, and aldehyde emissions
are also expected with maltuned stoves.

The following sub-sections summarize the results of the measurements during the cooking tests
and discuss them as they relate to the project objectives.  Summary tables presented in Section 3
are referenced in the discussion.  The discussion addresses the pollutant concentrations and
exposures during cooking; the impact of appliance type on indoor pollutant concentrations; the
impacts of the cooking method, food type, and cooking vessel; and the impact of exposure
reduction methods.  The last section discusses the emission rates calculated for the different
cooking tests.

There is a large amount of data available, and other analyses could be performed with the
data collected in this study.  As shown in Appendix D, the tuning of the stove-top burners greatly
reduced CO emissions – indoor concentrations above the burners dropped from 35-59 ppm to 5
ppm.  Results from the gas oven show a large drop-off in CO emissions as the oven began to
heat.  The ARB may find that further analyses of the data will be useful for more thorough
understanding of the impact of cooking on indoor air quality and exposure.

4.1 Indoor Pollutant Concentrations and Exposures During Cooking

Pollutant concentrations were measured both indoors and outdoors during each test.  For
integrated samples collected on filters for gravimetric analysis, such as PM2.5 and PM10, the
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results represent the entire test period (the cooking period plus the one-hour post-cooking
exposure period).  As discussed in Section 2, data collected with the continuous monitors for CO,
NO, NO2, and PM with the ELPI were summarized by calculating average concentrations for the
cooking period only and for the total exposure period, which included the one-hour post-cooking
exposure period.  Data are also broken out by cooking event for multiple event tests.  It should be
noted that exposure was not measured over long periods (24 hours), but only during the short
cooking/eating/cleanup periods.  The duration of the total exposure periods ranged from
approximately 1.5 hours (bacon and stir frying) to over 5 hours (oven cleaning).

4.1.1 Particulate Matter Concentrations – Integrated Mass Measurements

Samples of PM mass were collected on Teflon filters with size selective inlets, and
mass was determined gravimetrically for the total exposure period of each cooking test.  Samples
were collected in the kitchen, living room, master bedroom, and outdoors.  As discussed in
Section 3.10, there was high variability in the mass measurements for samples collected
concurrently, particularly for the PM2.5 size fraction.  The relative standard deviation for
duplicate PM2.5 samples ranged from 28 to 112%.  The PM10 duplicates were in much better
agreement, with only 2 of 8 pairs of duplicates having RSDs higher than 20%.  In the following
discussion, there are some cases where the reported PM2.5 concentrations are higher than the
PM10 concentrations, which is not possible because the PM10 size fraction collected with the
PEMs and MS&T samplers includes the particles in the PM2.5 size fraction.   This may have
occurred due to the high variability in the PM measurements, as discussed in Section 3.10 or due
to differences in the collection efficiency for the different size particles, which in these tests
consisted of both inorganic particles and oil droplets.  As discussed below, there was also high
variability of pollutant concentrations in replicate tests.

4.1.1.1  PM Concentrations during Typical Cooking Events with Gas and Electric Ranges

The results of the PM2.5 mass measurements are listed in Table 3-4.  The outdoor PM2.5
concentrations during the 32 cooking tests ranged from below the detection limit to 13.6 µg/m3

with a median concentration of 5.6 µg/m3.  At the three indoor locations, the concentrations of
PM2.5 ranged from below the detection limit to 3880 µg/m3.  The measurements show that for
most cooking events, the cook and other individuals in the kitchen would be exposed to
substantially higher PM2.5 concentrations than individuals in other rooms of the house.

The concentrations of PM2.5 measured at the outdoor and three indoor locations during
seven tests with the gas range are presented in Figure 4-1 to show the variation in concentrations
between the sampling locations.  The concentrations were highest in the kitchen during all six
cooking tests, but not during the oven-cleaning test when the concentration was higher in the
living room.  During some tests (e.g., stovetop stir fry), the concentrations were not dramatically
different at the three indoor locations.  But in other tests (e.g., oven cleaning and baking
lasagna), there were large differences between rooms.  The concentration of PM2.5 in the kitchen
during baking of a frozen lasagna dinner was 20 times higher than in the MBR.  But when the
oven was used to broil two batches of salmon steaks, the concentrations of PM2.5 were nearly
identical in the kitchen and MBR.  The living room sample was not valid for the test during
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which the fish were broiled.  As shown in the figure, the indoor concentrations were substantially
higher than the outdoor concentrations.

A comparable set of seven cooking tests, using the same cooking protocols, was performed with
the electric range.  During these tests, depicted in Figure 4-2, PM2.5 concentrations were highest
in the kitchen in four of the seven tests.  Although the concentrations were similar in the three
rooms during stovetop stir-frying and preparation of French fries with the gas range top burner
(Figure 4-1), the concentrations in the rooms differed substantially when the same cooking
activities were performed with the electric range.  The distribution of PM2.5 concentrations in the
three indoor locations was not similar for gas and electric tests.

The results of PM10 mass measurements were listed in Table 3-5.  PM10 concentrations
outdoors during the 32 cooking tests ranged from non-detectable to 19.3 µg/m3.  Indoor
concentrations during the tests ranged from below the detection limit to 3660 µg/m3.  As in the
case for PM2.5, the cook and kitchen occupants would generally be exposed to higher
concentrations than occupants of other rooms in the house.

Concentrations of PM10 during the seven typical cooking tests are depicted in Figures 4-3
and 4-4 for the gas and electric range, respectively.  As shown in Figure 4-3, the highest indoor
concentrations were measured during the oven-cleaning test with the gas range.  During the test,
the concentrations were above 2000 µg/m3 in all three rooms of the house.  The total duration of
the test was 5 hours and 18 minutes, which would represent a significant exposure if the
occupants were present in the house throughout the cleaning event.  During the six cooking tests
with a gas range, the highest concentration measured was 816 µg/m3 in the master bedroom
during broiling of fish. The total duration of this two-event cooking test was 3.2 hours.

The PM10 concentration differences between the rooms were not as great as those for
PM2.5 during the cooking tests with the gas range.  During both tests involving use of the gas
oven for cooking (broiling fish and baking lasagna), the concentrations indoors were highest in
the bedroom.
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Figure 4-1.  PM2.5 Mass Concentration Indoors and Outdoors During the Seven Standard
Cooking Tests with the Gas Range

Figure 4-2.  PM2.5 Mass Concentration Indoors and Outdoors During the Seven Standard
Cooking Tests with the Electric Range
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Figure 4-3.  PM10 Mass Concentrations Indoors and Outdoors During the Seven Standard
Cooking Tests with the Gas Range

Figure 4-4.  PM10 Mass Concentrations Indoors and Outdoors During the Seven Standard
Cooking Tests with the Electric Range
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During the same seven typical cooking activities with an electric range, the concentrations of
PM10 were highest during the two-hour test involving frying of tortillas, with average
concentrations above 1180 µg/m3 in all three rooms.  These concentrations were higher than
those measured during the same type of cooking with the gas range and were higher than those
measured during oven cleaning with the electric range.  The concentrations during stovetop stir-
frying were also high, with measurements of 1170, 580, and 960 µg/m3 in the kitchen, living
room, and MBR, respectively.  The concentrations of PM10 during stovetop stir frying, frying
tortillas, and broiling fish were higher during tests with the electric range than in the comparable
tests with the gas range.

There was no clear trend in the distribution of PM10 in the three rooms during the seven
cooking activities with the electric range.  During oven cleaning, the concentrations were highest
in the bedroom.  In tests with bacon, tortillas, and French fries, there was little difference
between the concentrations in the kitchen and the other two rooms where integrated PM samples
were collected.  But when lasagna was baked in the oven, there was a substantial difference
between the kitchen concentrations (350 µg/m3) and the LR (19.9 µg/m3) and MBR (13.9
µg/m3).  The distribution of PM10 in the rooms during cooking with the electric range differed
substantially from that observed with the gas range (Figure 4-3).  These differences may be
related to different temperature and pressure gradients that are created due to heat output from
the different ranges.  Although, the cooking protocols were the same, the technician activities
that affected mixing may also have differed slightly between the tests.

4.1.1.2  Variability of PM Concentrations in Replicate Cooking Tests

Four tests were performed in duplicate to assess the variability of air contaminant
concentrations in the house during cooking tests.  Room air concentrations of PM2.5 and PM10

mass are depicted in Figures 4-5 and 4-6, respectively.  Tests 5 and 22 and 7 and 23 were true
replicates, using the same cooking protocol and approximately the same amount of food.  Test
24R was a repeat of Test 24, during which there was a problem with the data acquisition system.
To obtain the CO, NO, and NO2 data, test 24 was repeated facilitating replication of the test for
the PM mass samples.  The cooking protocol and amount of food were the same in the two tests.
Test 21 was originally planned as a replicate of Test 2, but a decision was made to change the
protocol from a single event to two events to produce more contaminant mass for this cooking
activity because PAHs were planned for collection during the test.  Therefore, although not a true
replicate, it is included in the figure, and the differences are discussed below.

As shown in Figure 4-5, the concentrations of PM2.5 were similar in all three rooms
during the replicate tests with the French fries.  The concentrations in the first test (195, 72, and
83 µg/m3) differed by less than 25% from the concentrations in the replicate test (162, 92, and 70
µg/m3).  The PM10 concentrations during the replicate French fries cooking test had relative
differences of 61, 25, and 10% in the kitchen, living room, and bedroom.  The lowest variability
was observed in the two beef frying tests with relative differences in the living room and
bedroom of 11 and 2% for PM2.5 and 2 and 18% for PM10.  But the variability was substantially
higher in the kitchen in the beef tests with relative differences for the replicate tests of 99% for
PM2.5 and 63% for PM10.  The highest variability was observed in the replicate tests involving
baking of lasagna in the gas oven.  The relative differences were 100, 103 and 6% for PM2.5
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Figure 4-5.  PM2.5 Gravimetric Mass Measurements in Replicate Tests with the Gas Range

Figure 4-6.  PM10 Gravimetric Mass Measurements in Replicate Tests with the Gas Range
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concentrations and 61, 129, and 155% for PM10 in the kitchen, living room, and bedroom,
respectively.  It was interesting that this cooking activity had the highest variability because it
involved the least food preparation activity by the cook.  The reason for high variability could
not be determined in this study.  However, as discussed in a following subsection, the
concentrations of the combustion gases were also highly variable in the replicate tests.

The variability between replicate tests was also assessed by estimating the emissions
using the mass balance model.  The results for the eight tests depicted in Figures 4-5 and 4-6 are
summarized in Table 4-1.  During the two French fries tests, the emissions of PM2.5 differed by
less than 35%, if normalized to either the mass of food cooked (source strength) or the energy
use (power-specific emission factor).  The emissions of PM10 were slightly more variable, but in
reasonable agreement.  The variation between the replicate beef frying tests was greater than the
French fries test.  The PM2.5 emissions, normalized to the energy use, differed by nearly 81%.
The PM10 emissions differed by about 20% when normalized to either the amount of food or the
energy use.  The differences were higher for the test involving baking of lasagna.  The emission
rates for PM2.5 differed by 68% in the two tests, and the PM10 emission rates were almost two
times higher in the first test than in the replicate test.

As discussed above, although Tests 2 and 21 were planned as replicates, the cooking
protocol was changed in Test 21 to cook twice as much food in order to increase the pollutant
mass.  The emission rate was higher in Test 21 than in Test 2, although the difference was not
twice as high.  When normalized to the amount of food cooked, the relative difference between
the tests was only 52% for PM2.5 and 88% for PM10.  The results of the replicate tests suggest
that emissions of particles may be highly variable during cooking.  This high variability needs to
be addressed in the design of future studies of emissions and resultant exposures due to cooking.

Table 4-1. PM2.5 and PM10 Emission Rates during Replicate Tests

Test No Type Range Conditions Emission Rate
Source

Strength (per
gram of food)

Food-specific
Emission Factor

Power-specific
Emission Factor

mg/hr µµg/g µµg/g/hr µµg/BTU
PM 2.5

2 Stovetop Stir Fry Gas Standard 201.5 69.5 198.6 25.2
21 Stovetop Stir Fry Gas Test 2 Replicate 92.4 33.4 51.3 11.3
5 French Fries Gas Standard 65.9 15.3 13.5 8.5
22 French Fries Gas Test 5 Replicate 46.2 13.0 8.9 6.1
7 Bake Lasagna Gas Standard 251.2 452.8 215.6 51.8
23 Bake Lasagna Gas Test 7 Replicate 89.0 153.5 76.1 16.6
24 Fry Beef Gas Cast Iron Pan 43.4 16.6 47.5 9.7

24R Fry Beef Gas Cast Iron Pan 74.9 28.8 41.2 17.4
PM 10

2 Stovetop Stir Fry Gas Standard 318.3 109.8 313.6 39.8
21 Stovetop Stir Fry Gas Test 2 Replicate 571.7 206.4 317.6 70.1
5 French Fries Gas Standard 177.0 41.2 36.3 22.9
22 French Fries Gas Test 5 Replicate 82.6 23.2 15.8 10.8
7 Bake Lasagna Gas Standard 70.7 127.4 60.7 14.6
23 Bake Lasagna Gas Test 7 Replicate 39.4 68.0 33.7 7.4
24 Fry Beef Gas Cast Iron Pan 117.4 44.9 128.4 26.3

24R Fry Beef Gas Cast Iron Pan 134.6 51.8 73.9 31.2
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4.1.1.3  PM Concentrations During Worst Case Tests

Three tests were performed that were designed to measure emissions during cooking
events that would be considered realistic, but worst case conditions.  For example, in Test No.
17, the oil in the stovetop was heated to a higher temperature causing some smoke and the foods
were cooked longer.  Results of this test can be compared to the results from Test No. 2, a typical
cooking test with the gas range.  In Test No. 18, the bacon was fried extra crispy for comparison
to Test No. 3.  Test No. 19, for comparison to Test No. 6, was designed to burn the salmon
steaks, a not uncommon occurrence during broiling.  However, due to a technician error, the
window in the MBR was left open during Test No. 19.  As a result, worst-case conditions may
have existed in the kitchen, but not in the bedroom.

The PM2.5 mass measurements during the typical and worst-case tests are compared in
Figure 4-7.  During the stovetop stir-fry test and the bacon frying test, the PM2.5 gravimetric
mass concentrations were substantially higher in all three rooms during the worst-case tests.  The
concentrations were nearly four times higher in the worst-case stovetop stir frying test than in the
typical test in all three rooms.  During the worst case test involving broiling of fish in the oven,
the concentrations in the master bedroom, where the window was left open, were not
substantially higher than in the typical cooking test.  The concentration of PM2.5 was lower in the
kitchen during the worst case test.  This may have been due to temperature and pressure
gradients in the house resulting from the heat output from the gas range and the open window at
the other end of the house.  Air exchange rate during test 19 was 4.7 times greater than the
average house air exchange rate for the standard tests.

The PM10 gravimetric mass measurements during the worst case tests are compared to the
typical cooking tests in Figure 4-8.  The PM10 concentrations were higher in all three rooms
during the stovetop stir-fry and bacon tests.  In the broil fish test, concentrations were higher in
the kitchen and only slightly higher in the living room.  The PM10 concentrations in the bedroom
were apparently impacted by the open window because the concentrations were similar in the
worst case and typical cooking tests.  The results of all three tests indicate higher indoor
concentrations due to the worst case cooking event.

4.1.1.4  Comparison of PM Concentrations to Standards, Guidelines, and Other Studies

The typical cooking tests performed to compare concentrations during use of the gas and
electric ranges included six cooking tests and the self-cleaning oven test.  The highest
concentrations of PM2.5 and PM10 were measured during oven cleaning with the gas range.  With
the electric range, the self-cleaning oven did not produce nearly as high concentrations.  Oven
cleaning is, however, a relatively rare activity that does not represent a routine or consistent
source of exposure to PM.  The other six typical cooking tests represent actual cooking activities
that may contribute to routine, repeated exposures to PM.  The averages, standard deviations, and
medians should not be interpreted as representative for cooking in this test house or any other
house.
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Figure 4-7.  PM2.5 Mass Measurements in Standard and Worst Case Tests

Figure 4-8.  PM10 Mass Measurements in Standard and Worst Case Tests
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The average and median PM2.5 and PM10 concentrations measured during the exposure
periods of the six standard cooking tests with the gas and electric ranges are summarized in
Table 4-2.  The table shows that both the average and median concentrations of the cooking
activities were greater than 134 µg/m3 for PM2.5 in all three rooms of the test house for both gas
and electric tests.  The average and median PM10 concentrations were greater than 216 µg/m3 in
all three rooms.  The median concentration of PM2.5 in the kitchen during the six tests with the
gas range was 524 µg/m3, which was higher than the median concentration of 294 µg/m3 in the
kitchen during the six tests with the electric range.  But the median concentrations of PM2.5 were
higher in the living room and bedroom during tests with the electric range.  For PM10, the median
concentrations measured in all three rooms during six tests with the electric range were
substantially higher than those measured during tests with the gas range.

Table 4-2.  Average and Median PM2.5 and PM10 Concentrations during the Six Standard
Cooking Activities

Gas (Test Nos. 2 through 7) Electric (Test Nos. 9 through 14)
Kitchen LR MBR Kitchen LR MBR

PM2.5
Minimum 195 71.9 48.7 112 23.8 13.1
Maximum 1090 260 673 1269 1175 1173
Average 545 161 226 432 533 397

Std. Deviation 328 70 236 425 506 420
Median 524 142 134 294 391 300
PM10

Minimum 185 129 112 206 19.9 13.9
Maximum 451 711 816 1315 1213 1182
Average 292 315 334 676 459 513

Std. Deviation 93 230 272 475 427 469
Median 265 216 274 538 407 402

Both the average and median concentrations measured during the six standard cooking
tests were substantially higher than the ARB IAQ Guideline for PM10 of 50 µg/m3 over 24 hours.
The average and median PM2.5 concentrations also exceeded the pending Federal National
Ambient Air Quality Standard (NAAQS) of 65 µg/m3 for PM2.5 (24-hr average).  The total
exposure periods during the seven standard tests performed with both the gas and electric ranges
had durations that ranged from 1.65 hours (stovetop stir frying) to over 5 hours for oven
cleaning.

The elevated indoor concentrations during these short exposure periods would have
significant impacts on the personal exposures of occupants in the home.  The results are
consistent with observations by Wallace (1996) and others (e.g. Kamens et al., 1991; Brauer et
al., 2000) that cooking is one of the most important indoor sources of particles.  Brauer et al.
(2000) reported PM2.5 concentrations in a range of 24 to 201 µg/m3 in residential kitchens with
frying.  They also reported peak PM2.5 concentrations above 400 µg/m3 in kitchens.  Brauer et al.
and Wallace (1998) have consistently identified cooking as a major source of fine and coarse
particles indoors. The PTEAM study demonstrated that homes and persons associated with
HOUSE WORK had significantly higher mean aerosol levels than those not indicating HOUSE
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WORK (Clayton et al., 1993).  Ozkaynak et al. (1996) estimated that cooking added about 12 –
26 µg/m3 to indoor PM10 concentrations.  They reported that homes with cooking averaged 20
µg/m3 higher levels of PM10 than homes without cooking.  Wallace (1996) estimated that
cooking accounted for 4 – 5% of the particle mass indoors based on the PTEAM data.  Kamens
et al. (1991) estimated that 5 to 18% of an 8-hr personal particle exposure could be attributed to
cooking one meal in one of three homes that they studied.  Results from the tests reported here
suggest that the contribution could be much higher.

4.1.2 Continuous PM Measurement Results

Particle concentrations and size distributions were measured during each test with the
ELPI.  The results were summarized in Tables 3-6 through 3-12.  The summary statistics for
particle concentrations and the estimated particle mass are presented in Tables 4-3 and 4-4.  The
data are for the average values measured during the cooking period for all cooking events
performed during the main study.  Median particle concentrations were 66,000; 32,000; and
13,000 particles/cm3 in the three smallest size fractions (0.04, 0.08, and 0.13 µm geometric
diameter).  There were very few particles measured in the three largest size fractions.

The number concentrations measured with the ELPI in the smallest size fractions are
consistent with data reported by Wallace.  He reported number concentrations for the 0.01 to 0.4
µm size fraction that ranged from 10,000 to 190,000 particles/cm3 in cooking tests performed in
a townhouse (Wallace, 1998).  He reported number concentrations of 190,000; 140,000; and
32,000 for three tortilla frying tests.  In the current study, particle concentrations of 203,000 and
414,000 particles/cm3 were measured in the two tortilla frying tests.  Wallace reported a
concentration of 22,000 particles/cm3 during preparation of popcorn.  During this study,
preparation of popcorn in a microwave resulted in a concentration of 22,000 particles/cm3.

The mass estimates from the ELPI data are summarized in Table 4-4.  The median mass
concentrations in the nine channels for the smallest particles were less than 15 µg/m3 for the 48
measurement periods.  Maximum concentrations, however, were up to 3070 in the 0.5 µm size
fraction.  Because of the small number of particles in the larger size fractions, the accuracy of the
mass estimate using the ELPI data is likely to be poor for these size fractions.  No published
statistical data exist for the ELPI sampler relating particle counts to instrument precision and
accuracy.  It is known, however, that small particle counts result in unreliable mass and
concentration data.
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Table 4-3.  Summary Statistics for Average Concentrations of Particles Measured with the ELPI
during the Cooking Period (Particles/cm3)

Size (µm) N Minimum Maximum
0.04 48 0 460280
0.08 48 271 250981
0.13 48 97 184203
0.21 48 60 101825
0.32 48 0 73510
0.51 48 0 44320
0.81 48 0 1921
1.29 48 0 124
2.02 48 0 40
3.18 48 0 25
5.24 48 0 21
8.38 48 0 26

pm 2.5 48 822 805499
pm 10 48 825 805536

Table 4-4. Summary Statistics for Average Particle Mass Concentrations (µg/m3) of
Particles Measured with the ELPI during the Cooking Period

Size (µm) N Minimum Maximum
0.04 48 0 18
0.08 48 0 66
0.13 48 0 228
0.21 48 0 491
0.32 48 0 1291
0.51 48 0 3069
0.81 48 0 534
1.29 48 0 139
2.02 48 0 176
3.18 48 0 417
5.24 48 0 1568
8.38 48 0 8061

pm 2.5 48 4 5862
pm 10 48 4 15907

The particle size distribution is important because it impacts exposure and the associated
health risks.  Figures 4-9 and 4-10 depict the particle concentration size distribution for the seven
standard cooking tests with the gas range and electric range.  Figures 4-11 and 4-12 depict the
mass distribution based on particle size.  For all figures, the data presented are the average values
during the cooking tests.  Figures for the gas range also depict the distributions during operation
of the oven only and range top burner only without cooking of food.
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Figure 4-9.  Particle Size Distribution During Gas Range Cooking Tests and Baseline
Measurements

Figure 4-10.  Particle Size Distributions During the Standard Cooking Tests with the
Electric Range
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Figure 4-11.  Particle Mass Distributions during the Standard Cooking Tests with the Gas Range

 Figure 4-12.  Particle Mass Distributions during the Standard Cooking Tests with the
Electric Range
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For both the gas and electric ranges, there were relatively few particles in the size
fractions above 0.8 µm.  The results show that the particles emitted during cooking are
predominantly in the fine and ultra-fine size fractions, consistent with observations by Wallace
(1998) and Li et al. (1993) who reported that 60 to 70% of the cooking particles were in the
ultrafine size fraction.  During the tests with the gas range, the particles were predominantly in
the size fractions less than 0.21 µm during baseline measurements with the burner and oven.
The largest particles occurred during oven cleaning and during use of the oven to broil fish.  In
the other cooking tests, the particles were predominantly smaller than 0.32 µm.  The ELPI did
not measure the peak particle size, as indicated in the figures.

During tests with the electric range, the particle sizes were somewhat larger, although
still predominantly less than 0.51 µm diameter.  During the two tests with the electric range that
involved frying food in cooking oil, the peak particle size was measured.  For frying tortillas, the
peak particle size was 0.13 µm.  For French fries, it was 0.21 µm.  As discussed earlier, the
tortillas frying on the electric range generated higher indoor air concentrations than the same
cooking performed with the gas range.  Although the reasons for the differences in
concentrations and size distributions of the particles could not be determined in this study, a
possible cause might be splattering of the oil during cooking and contact of oil droplets on the
electric range top burner during cooking.

The mass distributions depicted in Figure 4-11 show that the mass was predominantly in
the 0.21 to 1.29 µm size fractions for the oven cleaning and broiling fish tests with the gas range.
For the other tests, it was predominantly in the larger size fraction.  Data were not included in the
figure for the largest size fraction because of the small number of particles in that fraction,
making the mass estimate less accurate.  For the tests with the electric range, the mass appears to
be predominantly in the 0.21 to 0.81 µm size fractions for oven cleaning, broiling fish, tortillas,
and bacon frying.  But, the mass was primarily in the larger size fractions for stovetop stir frying,
consistent with the different distribution of the particle concentrations (Figure 4-10).

The mass distributions depicted in Figure 4-11 show that the mass was predominantly in
the 0.21 to 1.29 µm size fractions for the oven cleaning and broiling fish tests with the gas range.
For the other tests, it was predominantly in the larger size fraction.  Data were not included in the
figure for the largest size fraction because of the small number of particles in that fraction,
making the mass estimate less accurate.  For the tests with the electric range, the mass appears to
be predominantly in the 0.21 to 0.81 µm size fractions for oven cleaning, broiling fish, tortillas,
and bacon frying.  But, the mass was primarily in the larger size fractions for stovetop stir frying,
consistent with the different distribution of the particle concentrations (Figure 4-10).

The particle concentrations increased rapidly after the start of a cooking event.  Examples
of the time series of particle mass concentrations are depicted in Figures 4-13 through 4-25 for
the seven standard cooking tests with the gas range and the two gas range background tests
(rangetop burner and oven) without cooking.  Data displayed in Figures 4-13 through 4-21 are
the estimated concentrations for the particles of less than 2.5 µm, as calculated with the ELPI.
The ELPI results were generally higher than the gravimetric measurements, as discussed
previously.  It should be noted that the figures are not depicted using the same concentration
scale.
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Figure 4-13.  PM2.5 Mass Measured with the ELPI during Self-cleaning of the Gas Oven (SC =
Start cooking period; EC = End cooking period; ET = End total exposure period)
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Figure 4-14.  PM2.5 Mass Measured with the ELPI during the Wok Stir Fry Test on the Gas
Range (SC = Start cooking period; EC = End cooking period; ET = End total exposure period)
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Figure 4-15.  PM2.5 Mass Measured with the ELPI during the Bacon Tests on the Gas Range
(SC = Start cooking period; EC = End cooking period; ET = End total exposure period)
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Figure 4-16.  PM2.5 Mass Measured with the ELPI during the Tortillas Test on the Gas Range

0.0E+00

5.0E+01

1.0E+02

1.5E+02

2.0E+02

2.5E+02

10:00 11:00 12:00 13:00

Clock time

C
on

ce
nt

ra
tio

n 
(

µµ
g/

cm
3
)

pm 2.5

SC

EC

ET



147

Figure 4-17.  PM2.5 Mass Measured with the ELPI during the French Fry Test on the Gas Range
(SC = Start cooking period; EC = End cooking period; ET = End total exposure period)
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Figure 4-18.  PM2.5 Mass Measured with the ELPI during the Broil Fish Tests with the Gas Oven
(SC = Start cooking period; EC = End cooking period; ET = End total exposure period)
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Figure 4-19.  PM2.5 Mass Measured with the ELPI during the Bake Lasagna Test with the Gas
Oven (SC = Start cooking period; EC = End cooking period; ET = End total exposure period)
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Figure 4-20.  PM2.5 Mass Measured with the ELPI during the Gas Range Top Burner Baseline
Test (SC = Start cooking period; EC = End cooking period; ET = End total exposure period)
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 Figure 4-21.  PM2.5 Mass Measured with the ELPI during the Gas Oven Baseline Test
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Figure 4-22.  Particle Mass Distribution during the Gas Range Wok Stir Fry Test (No. 2)
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Figure 4-23.  Particle Mass Distribution during the Electric Range Wok Stir Fry Test (No. 9)

Figure 4-24.  Particle Mass Distribution during the Electric Range Tortillas Test (No. 11)
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Figure 4-25.  Particle Mass Distribution during the Gas Range Tortilla Test (No. 4)
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in the kitchen.  For the self-cleaning oven test, the concentrations of particles increased quickly
and stayed at a high concentration for approximately one hour.  But apparently, the majority of
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the kitchen decreased.  During stovetop stir-frying, the concentrations rose steadily during the
short cooking event.  The concentrations dropped dramatically after the cooking was completed,
then decreased slowly during the one-hour post-cooking exposure period.  The dramatic decrease
at the end of the test was due to opening of doors and windows in preparation for another test on
that day.  The data in Figure 4-15 show two cooking events with frying of bacon, each followed
by a one-hour post-cooking exposure period.  In the French fry test depicted in Figure 4-17, two
batches of French fries were cooked sequentially with no break between the two batches.  But in
the test with fish broiled in the gas oven, one large salmon steak was broiled for 24 minutes, and
the oven was turned off.  However, as shown Figure 4-18, the concentration of the PM2.5 did not
decrease substantially during the one-hour post-cooking exposure period.  As a result, when the
second salmon steak was cooked, the concentration peaked at nearly 6 mg/m3, as measured with
the ELPI.  During the two-hour cooking period required to bake the large frozen lasagna, there
was an initial large peak in PM followed by a relatively constant concentration of PM in the
kitchen.  But the concentration during the lasagna test was an order of magnitude higher than
when the oven was operated without cooking of food (Figure 4-21), indicating the impact of the
food cooking on the PM2.5 concentrations.  It should be noted that the intent of these figures is to
depict the peak concentrations and the trends of the changes in PM concentrations.  The actual
concentrations appear to be unrealistically high in some cases and should not be compared to the
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Figures 4-22 through 4-25 are examples of changes in the mass concentrations in
individual size fractions during four tests.  The figures show that, in general, the changes in
concentrations are similar for the smaller size fractions.  In both the stovetop stir fry tests
depicted in the figures, the peak concentrations occur at approximately the same time for the six
smallest size fractions.  The figures also show the differences in the decay of the particles
following termination of cooking.  During the tortilla cooking test with the electric range (Figure
4-24), there were substantial differences in the decay rates for the different size fractions.  Figure
4-25 rather dramatically shows the impact of cooking on the fine PM emissions, with each peak
representing placement of an individual tortilla in the oil for frying.

4.1.3 Comparison of Cook Personal PM Exposures and Kitchen PM Area Samples

The gravimetric PM samples were collected at a fixed location in the kitchen using size
selective inlets.  For most tests, the cook did not wear a personal sampler.  The samplers were
place on a tripod located in front of the range and to the side of the cook.  Samplers were located
at breathing height.  The ELPI was located directly behind the tripod so that the gravimetric and
ELPI measurements were collocated.  This approach was taken to allow greater freedom of
movement for the cook, to avoid the potential personal cloud effect (Wallace, 1996), and to
facilitate measurements with the ELPI at the same location as the PM gravimetric samples.  The
cook’s personal exposure may be lower than the concentrations measured in the kitchen air
because the cook may move from room to room or even outdoors.  Or, the cook’s exposure may
be impacted, either positively or negatively, due to closer proximity to the source, different air
flow patterns, and mixing at the breathing zone of the cook due to body heat and/or heat from
cooking.

During two tests with stovetop stir-frying, concentrations of PM measured in the kitchen air were
compared to concentrations measured with personal samplers worn by the cook.  The results are
summarized in Table 4-5.    In test 17, the PM2.5 concentration for the personal sample was
approximately four times higher than the kitchen air concentration and over two times higher
than the living room concentration.  During test 30, the personal PM2.5 concentration was nearly
six times higher than the kitchen air concentration.  However, during both tests, the PM10

concentration in the personal sample was less than half of the room air concentrations.

Table 4-5.  Comparison of Cook Personal Exposure and Room Air Measurements of
PM2.5 and PM10

Stir Fry – Worst Case (Test 17) Stir Fry – Vegetable Oil (Test 30)

µµg/m3 µµg/m3Sampling Location

PM2.5 PM10 PM2.5 PM10

Cook - Personal 2050a 532 a 2350 291

Kitchen 531 1440b 392 913c

LR 850 1360 294 587

MBR 798 1360 303 606
aFinal flow 20% low
bFinal flow 35% low
cFinal flow 28% low
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The results of the measurements suggest that the room air concentrations may underestimate the
cook’s exposure to PM2.5 and overestimate the exposure to PM10.  The reason for the differences
between the personal exposure measurements for PM2.5 and PM10 are not known, but may be
related to particle agglomeration and deposition.  The fine particles, which may be
predominantly grease droplets, may agglomerate to form larger particles.  This is suggested by
the higher PM10 concentrations in the room air samples compared to the personal samples.  PM10

concentrations were also generally highest in the kitchen and lower in the MBR, which was the
most distant room from the source.

4.1.4 PM Element Concentrations

The element concentrations measured in the PM10 mass samples were summarized in
Tables 3-13 and 3-14.  The compounds identified in the samples were typical of those in ambient
air samples, including silicon, aluminum, calcium, phosphorous, and sulfur.  The samples also
contained sodium and chlorine, probably originating from sea salt due to the proximity of the
house to the ocean.  Average and median indoor concentrations and median outdoor
concentrations are presented in Table 4-6.

The concentrations of many of the elements were elevated relative to the outdoors during
the self-cleaning oven tests, particularly with the gas oven.  The concentrations of many of the
elements were an order of magnitude higher in the kitchen than in the outdoor sample during
oven cleaning.  The chromium concentration of 1220 çg/m3 was nearly two orders of magnitude
higher than in the outdoor sample.  The silicon, phosphorous, sulfur, chlorine, potassium, and
bromine concentrations were all substantially higher in the indoor sample during oven cleaning.
The differences in concentrations between indoors and outdoors were not as dramatic during the
self-cleaning oven test with the electric oven.  Nickel and zinc were also higher indoors than
outdoors during self-cleaning with both the gas and electric ovens.

Similar differences were observed during the tests involving frying of loose ground beef
in a pan on the gas rangetop burner.  The concentrations of titanium, chromium, zinc, sodium,
magnesium, aluminum, silicon, phosphorous, sulfur, chlorine, calcium, and bromine were all
higher indoors than outdoors.  Even larger differences were observed between indoors and
outdoors when the full meal was cooked.  As in the self-cleaning oven tests, chromium and zinc
were elevated with respect to outdoors.

Copper concentrations were always higher indoors than outdoors.  This, however was an
artifact related to the sampling equipment.  Pumps were located in the house for collection of the
integrated air samples.  It is likely that they were the source of the copper.

The median concentrations measured indoors and outdoors in 16 samples collected in this
study are compared in Table 4-6 to median concentrations measured in PTEAM.  The median
concentrations measured in outdoor air samples during this study were substantially lower than
in PTEAM for all elements except chlorine.  The element concentrations in the indoor air
samples were also quite low, with chlorine and bromine being the only elements with median
concentrations higher than the PTEAM medians.  However, it should be recognized that the
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PTEAM data were collected nearly ten years ago in Riverside, CA, an area with substantially
poorer air quality than that which currently exists in Rohnert Park, CA.

Table 4-6.  Element Concentrations (çg/m3) in this Study Compared to PTEAM

Element Cooking
Indoor Average

Cooking Indoor
Median

Cooking Outdoor
Median

PTEAM Indoor -
Daytime

PTEAM Outdoor -
Daytime

Sodium 380 310 250 -- --
Magnesium 160 100 52 -- --
Aluminum 230 170 35 1900 2500

Silicon 2300 860 110 4900 6800
Phosphorous 1000 160 6.0 -- --

Sulfur 850 320 160 1600 1600
Chlorine 1200 720 390 280 160

Potassium 740 150 59 880 1000
Calcium 340 340 46 2700 2700
Titanium 22 17 5.5 150 180
Vanadium 24 23 3.4 -- --
Chromium 190 31 1.3 -- --
Manganese 0.0a 0.0a 0.6 30 46

Iron 100 100 66 1400 2100
Cobalt 3.7 3.5 0.7 16 14
Nickel 12 3.3 0.6 -- --
Copper 100 92 4.0 -- --

Zinc 49 58 6.8 68 63
Arsenic 3.9 4.2 0.2 -- --

Selenium 4.6 4.6 0.6 -- --
Bromine 430 18 1.9 11 10

Strontium 3.4 2.9 0.7 13 17
Molybdenum 17 16 2.2 -- --

Palladium 13 13 7.5 -- --
Silver 54 550 2.3 -- --

Cadmium 63 48 6.5 -- --
Tin 10 10 3.6 -- --

Antimony 0.0a 0.0a 4.5 -- --
Barium 310 260 9.2 -- --
Gold 27 26 0.9 -- --

Mercury 22 22 1.6 -- --
Lead 18 15 1.2 23 27

a – Blank filter correction resulted in a zero or negative value.

4.1.5 CO, NO, and NO2 Measurement Results

4.1.5.1  CO, NO, and NO2 Air Concentrations During Standard Cooking Tests

CO, NO, and NO2 concentrations were measured in the kitchen, living room, master
bedroom, and outdoors during each cooking test.  The results were summarized in Tables 3-19
through 3-24. The distributions of the average CO concentrations in the house during the seven
typical cooking tests with gas and electric ranges are presented in Figures 4-26 and 4-27.  CO
concentrations outdoors ranged from 0.1 to 1.1 ppm during the tests.  Indoor concentrations
ranged from 0.4 to 20 ppm (peak concentration), with the highest concentrations occurring
during the oven cleaning tests with the gas range.  The second highest concentrations of CO
occurred during oven cleaning with the electric range, but they were only about half that with the
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gas oven cleaning.  The CO emissions during self-cleaning with the electric oven were likely due
to combustion of the food materials on the surfaces of the oven.  Elevated levels of CO during
use of electric broilers for commercial food preparation were reported by Gerstler et al. (1998).
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Figure 4-26. CO Concentrations During Cooking and in Baseline Measurements with the
Gas Range

Figure 4-27. CO Concentrations During Cooking Tests With the Electric Range
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During the cooking tests, CO concentrations peaked at 9.5 ppm during cooking of the full
meal and 11.4 ppm when broiling the fish with the gas range.  Average concentrations during the
cooking period were highest for broiling fish, both with the gas and electric ovens.  The CO
concentrations during the total exposure period were generally below 4 ppm, and the median
concentrations were 1.3, 1.3 and 1.2 ppm for the three indoor locations during 32 tests.

The baseline CO concentration during operation of the range top burner for one hour peaked at
5.1 ppm and averaged 3.2 ppm in the kitchen.  During two hours of oven operation at 350 °F
with no food being cooked, the average CO concentration was 2.0 ppm with a peak of 3.0 ppm in
the kitchen.  These values suggest that the range top and oven burners were reasonably well
tuned.  The results are similar to those reported by Koontz and Nagda (1989) for well-tuned gas
ranges in test houses.  They reported peak CO concentrations of 5 and 5.4 ppm and 8-hr average
concentrations of 2.1 and 2.5 ppm during operation of a gas range burner with ranges in two test
houses.  Higher baseline concentrations have been measured in other studies.  Nelson et al.
(1993) reported measuring a CO concentration of 183 ppm in the oven vent during self cleaning
of an oven, resulting in a kitchen air concentration of 6 ppm after only 10 minutes.  Tsongas
(1994) reported a study in which 25 of 62 homes had kitchen air concentrations greater than 9
ppm due to operation of gas ovens.

The average concentrations of CO during the tests were similar in the three indoor
locations, as shown in Figures 4-26 and 4-27.  These uniform concentrations, for this inert gas,
suggest that the house was very well mixed during the tests.  Although there were no fans
operating in the house during the tests, heat gradients and technician activity may have facilitated
good mixing.

NO concentrations during the tests ranged from non-detectable to 44 ppb outdoors, with
an average of 27 ppb during the 32 tests (Table 3-22).  Indoor concentrations during the 32
cooking tests ranged from 1.7 to 1000 ppb (the upper limit of the monitor).  Results for the seven
standard cooking tests are depicted in Figures 4-28 and 4-29 for the gas and electric ranges,
respectively.  The reader should note that the concentration scales are different on the two
figures.  As was the case for CO, the highest concentrations occurred during oven cleaning, with
average concentrations of approximately 700 ppb during cleaning period in all three rooms with
the gas range and 150 ppb with the electric range.  As shown in Figure 4-28, NO concentrations
were also high during preparation of French fries and baking lasagna.  However, the average
concentrations while cooking these foods were no higher than the baseline concentrations for the
range top burner and the oven operated without cooking of food.  Concentrations of NO were
below 20 ppb during all six standard cooking tests with the electric range.

The NO2 concentrations during the total exposure periods of the cooking tests ranged
from 3.0 to 48 ppb outdoors and 7.0 to 670 ppb indoors during the cooking tests.  Average
concentrations during the seven standard cooking tests are depicted in Figures 4-30 and 4-31 for
tests with the gas and electric range, respectively.  The reader should note that the concentration
scales are not the same on the two figures.  As shown in the figures, the concentrations of NO2 in
the house did not exceed 45 ppb during the tests with the electric range.  The average
concentrations of NO2 in the rooms during cooking tests with the electric range were not
substantially different from the outdoor concentrations.
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Figure 4-28. NO Concentrations During Cooking and Baseline Measurements with the
Gas Range

Figure 4-29. NO Concentrations During Cooking With the Electric Range
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Figure 4-30. NO2 Concentrations During Cooking and Baseline Measurements with the
Gas Range

Figure 4-31. NO2 Concentrations During Cooking with the Electric Range
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During the tests with the gas range, the average NO2 concentrations were above 400 ppb
in all three rooms during the five-hr long self-cleaning oven test.  The average NO2
concentrations during the cooking period for the six typical cooking tests with the gas range were
from 13 ppb for bacon frying to 115 ppb for broiling fish.  The highest concentrations during the
six typical cooking tests with the gas range were measured during broiling fish, with peak
concentrations in the kitchen as high as 145 ppb.  NO2 concentrations were also high, above 85
ppb in all three rooms during the other test with the oven, baking lasagna.  Peak concentrations
during the lasagna test were 113, 131, and 103 ppb in the kitchen, living room, and bedroom.
The average and peak NO2 concentrations were substantially lower during the tests with the
range top burner.  The results suggest that elevated exposures to NO2 may occur due to use of the
oven.  This is an especially important observation because the oven is generally operated for
longer time periods than range top burners, resulting in exposure to higher peak concentrations
and longer exposures.

Figures 4-28 and 4-29 also show that, like CO, the concentrations of NO were very
similar in the three rooms of the house.  The NO data show that there was good mixing in the
house during the tests.

The range top burner and oven were operated without cooking to determine baseline NO2
concentrations.  The average NO2 concentrations during one hour of operation of the range top
burner with a pot of water were 67, 108, and 98 ppb in the K, LR, and MBR.  The peak
concentration was 108 ppb in the kitchen.  During two hours of oven operation with no food, the
concentrations were 90, 79, and 94 ppb in the K, LR, and MBR with a peak of 129 ppb in the
kitchen.  The average room air concentrations during cooking of the foods were not substantially
different from the NO2 concentrations measured during the baseline tests.  Koontz and Nagda
(1989) reported peak concentrations of 50 and 58 ppb for the gas ranges used in two test houses.
The peak concentrations measured in this study were somewhat higher, but were reasonable
considering that the emissions are expected to vary between ranges due to different burner
design, adjustment of the burner, and combustion characteristics.

NO2 concentrations were generally lower in the bedroom than in the kitchen and living
room.  This was consistent with the fact that NO2 is a reactive gas and that deposition and
reactions may occur during transport from the source to the bedroom.  The concentrations in the
kitchen and adjacent living room were not substantially different.
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Examples of the changes in the concentrations of combustion pollutants are depicted in
Figures 4-32 through 4-37.  All figures depict NO, NO2, and CO concentrations in the kitchen
during cooking with the gas range.  Figures 4-32 and 4-33 show the steady rise in the
concentrations of the combustion pollutants during the 1 hour and 8 minute period during which
French fries were cooked in oil on the range top.  NO2 concentrations peaked at approximately
100 ppb and declined slowly after cooking ended.  Figure 4-34 shows an example of a test with
two cooking events separated by a one-hour post-cooking exposure period.  During this test,
when salmon steaks were broiled in the oven, the concentration of NO2 was substantially higher
than the NO concentration.  After the first salmon steak was broiled, the concentrations
decreased nearly 50% in the following hour.  The second peak reflected the higher background in
the kitchen at the start of the second cooking event.  Concentrations of NO2 dropped quickly
after cooking ended.  The dramatic drop after 1400 (2:00 p.m.) represented the end of the test,
when the room was ventilated in preparation for another test on the same day.  Figures 4-36 and
4-37 depict the concentrations of the combustion pollutants during the test when a full meal was
cooked.  This test, which involved preparation of baked potatoes, fried chicken, boiled
vegetables and rolls, involves a two hour and twenty minute period during which both the range
top burners and oven were used.  The NO2 concentration peaked at 375 ppb.  NO reached the
maximum of the instrument range of 1000 ppb.  CO reached a maximum of 9.4 ppm and
averaged 4.7 ppm during the total exposure period of 7.25 hours during which the test was
performed.

4.1.5.2  Variability of CO, NO, and NO2 Concentrations During Replicate Tests

The variability of CO, NO, and NO2 concentrations, measured in three replicate cooking
tests, is summarized in Table 4-7.  Average and peak concentrations are listed along with the
relative difference between the replicate tests.  The results of the three replicate tests can be
summarized as follows:

• Average CO concentrations in the three tests, in the three rooms, varied by 5 to 53%

• Peak CO concentrations varied by 18 to 49%
• Average NO concentrations in the three tests, in the three rooms, varied by 3 to 64%

• Peak NO concentrations varied by 4 to 61%
• Average NO2 concentrations in the three tests, in the three rooms, varied by 4 to 52%

• Peak NO2 concentrations varied by 3 to 59%

• Concentrations of CO and NO2 were most variable during the French fries tests
• Peak NO2 concentrations were the least variable in the bedroom

The results suggest that concentration differences of less than 50% may not be significant when
comparing results from different tests.  The high variability in the concentrations of the
combustion gases is also consistent with the high variability in the particle measurements,
suggesting that cooking tests may be difficult to perform reproducibly.  Alternatively, the
variability may be due to a variety of other factors during the semi-controlled tests conducted in
the test house.  These include variations in temperature, relative humidity, internal air flows, and
the impact of pollutant sinks.  However, the high variability for the inert gases, CO and NO,
suggest that the sinks may not be a major contributor to the variability.
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Figure 4-32.  NO and NO2 Concentrations During French Fries Test with the Gas Range

Figure 4-33.  CO Concentrations During the French Fries Test with the Gas Range
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Figure 4-34.  NO and NO2 Concentrations During the Broil Fish Test with the Gas Range
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Figure 4-35.  CO Concentrations During the Broil Fish Test with the Gas Range
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Figure 4-36.  NO and NO2 Concentrations During Full Meal Test

Figure 4-37.  CO Concentrations During Full Meal Test
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4.1.5.3  CO, NO, and NO2 Concentrations During Worst Case Cooking Tests

The impact of the worst case cooking activities on the combustion pollutants was
evaluated in tests with the stovetop stir frying, cooking bacon, and broiling fish.  All worst case
tests were performed with the gas range.  The results of the tests are summarized in Table 4-8.
During the cooking period, there appeared to be little impact on the average concentrations of
CO in the three rooms with measurements.

The NO concentrations in the house were higher during all three worst case tests.  There
was an impact on NO that was likely related to slightly higher cooking temperatures and longer
cooking durations.  Average NO concentrations in the kitchen during the cooking period were
over two times higher during the stovetop stir fry tests and over seven times higher during bacon
frying and fish broiling.

The worst case cooking also resulted in increased NO2 concentrations during all three
tests.  The impact of the worst case cooking method was most dramatic for frying bacon, with
average and peak concentrations in the kitchen and living room being nearly twice as high as in
the standard test.  During the other two worst case tests, there was little impact on the average
concentrations, although the peak concentrations were somewhat higher, particularly in the
kitchen.  This was most likely due to the longer cooking times.

Table 4-7.  Average and Peak Concentrations of CO, NO, and NO2 during Replicate Cooking Tests
Test No. Type K LR MBR

Avg. Max Avg. Max Avg. Max
CO
2 Stovetop Stir Fry 1.2 1.5 1.4 2.2 0.9 1.4
21 Stovetop Stir Fry 1.1 1.8 1.1 1.6 0.6 0.9

%RD -5 18 -31 -35 -33 -41
5 French Fries 2.5 4.6 2.5 4.7 2.4 4.4
22 French Fries 4.3 7.5 4.1 7.0 3.1 5.9

%RD 53 48 49 40 27 30
7 Bake Lasagna 2.5 3.6 2.6 3.3 2.4 3.4
23 Bake Lasagna 2.0 2.9 1.8 2.9 1.7 2.7

%RD -20 -21 -36 -13 -35 -23
NO
2 Stovetop Stir Fry 45.9 82.2 76.1 138.4 32.2 78.1
21 Stovetop Stir Fry 88.8 155.1 86.9 123.2 35.9 50.2

%RD 64 61 13 -12 11 -44
5 French Fries 282.0 514.0 282.6 548.2 282.1 519.2
22 French Fries 354.6 629.3 332.7 621.3 273.5 541.4

%RD 23 20 16 13 -3 4
7 Bake Lasagna 190.8 314.1 199.4 327.2 176.5 294.5
23 Bake Lasagna 301.1 430.4 290.8 447.1 270.6 427.3

%RD 45 31 37 31 42 37
NO2

2 Stovetop Stir Fry 40.0 41.1 55.8 72.2 30.9 47.0
21 Stovetop Stir Fry 41.6 75.6 37.8 51.9 25.9 35.6

%RD 4 59 -38 -33 -17 -28
5 French Fries 70.4 113.0 68.6 123.4 66.0 119.5
22 French Fries 120.4 167.6 112.6 158.3 84.3 131.3

%RD 52 39 49 25 24 9
7 Bake Lasagna 91.2 113.1 94.4 131.3 84.6 102.9
23 Bake Lasagna 85.4 95.7 84.9 108.9 73.0 106.0

%RD -7 -17 -11 -19 -15 3



166

Table 4-8.  Impact of Worst Case Cooking Activities on Average Concentrations of CO, NO, and
NO2 and Peak NO2 during the Cooking Period

Pollutant Type of Test Stovetop Stir Fry Bacon Fish
Room K LR MBR K LR MBR K LR MBR

CO (ppm) Standard 1.2 1.4 0.9 0.4 0.4 0.5 3.2 4.0 2.6
Worst Case 1.1 0.8 0.7 1.0 1.3 0.9 3.3 3.8 2.4

NO (ppb) Standard 46 76 32 9.6 12 8.3 4.9 14 0.9
Worst Case 120 98 87 76 110 62 34 29 31

NO2 – Avg.
(ppb)

Standard 40 56 31 13 15 15 94 120 78

Worst Case 47 37 31 40 35 24 93 96 46
NO2 – peak

(ppb)
Standard 41 72 47 17 22 21 125 145 119

Worst Case 70 60 52 51 46 32 150 167 84

4.1.5.4 Relationship of CO, NO, and NO2 Concentrations in Cooking Tests to Guidelines
and Standards

With the exception of the oven cleaning and fish broiling tests with the gas range, the CO
concentrations indoors did not exceed the ARB IAQ Guideline of 9 ppm (8 hour average).  The
average CO concentration during the five-hour gas oven self-cleaning test was above 14 ppm,
which was still below the ARB IAQ Guideline of 20 ppm for one-hour.  However, because the
oven self-cleaning lasted for four hours, it would be a significant source of exposure in a closed
house due to the extended period of elevated CO concentrations following the event.  To
minimize CO exposure, occupants should be encouraged to leave the home during oven self-
cleaning.

The ARB IAQ Guideline for NO2 is 250 ppb over one hour and was not exceeded during
tests with the electric range.

The average NO2 concentrations were above 400 ppb in all three rooms during the 4-hr
hour long self-cleaning gas oven test.  This exceeded the ARB IAQ Guideline of 250 ppb over
one hour.  However, the ARB IAQ 1-hr guideline was not exceeded during the six cooking tests
with the gas range.

4.1.6 PAH Concentrations

PAHs and a number of other SVOCs were measured during a selected set of tests.  The
results were presented in Tables 3-16 and 3-17.  Samples were collected concurrently in the
kitchen and outdoors.  Samples were not collected in other rooms in the house because the pre-
test results showed that there was little difference in the concentrations measured in the kitchen
and adjacent living room.  Of the 13 PAHs targeted for analysis, only pyrene, BeP, BaP, and
benzo(b+j+k)phenanthrenes were detected in greater than 60% of the samples.  Pyrene was
detected in 85% of the samples.  The average and maximum concentrations are presented in
Table 4-9 and compared to results of measurements during the ARB study of PAHs in northern
California (Sheldon et al., 1993) and in PTEAM (Sheldon et al., 1992).  Data are presented in the
table for the woodstove category in the northern California study because this category had the
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highest PAH concentrations.  The average concentrations indoors were higher than the average
outdoor concentrations during the cooking tests.  The average indoor concentrations were
generally higher than the average concentrations in the northern California study and in the
PTEAM samples collected in Riverside, California.  For most compounds, the outdoor
concentrations in this study were lower than in the northern California study and generally within
the range of concentrations measured in PTEAM.  However, the measurements in both the ARB
northern California study and in PTEAM were the average for 24-hour sampling periods, which
would be expected to be lower than the measurements in this study.  Measurements during this
study were performed over periods of approximately 1.5 to 5 hours.

PAHs were also measured during the worst-case stovetop stir-fry test (Test No. 17) and
in Test No. 30 when vegetable oil was used instead of peanut oil for cooking.  The peanut oil had
higher concentrations of PAHs than the vegetable oil (Table 3-2).  Table 4-10 presents data for
the worst case and standard tests.  Duplicate samples collected during the worst case stir-fry test
(Test No. 17) show that precision was poor for the PAH sampling method.  Because of the short
test, the mass of PAHs in the samples was low, and there was large analytical uncertainty
associated with the measurement.  As a result, it is not possible to determine if the differences in
the PAH concentrations between the tests are significant.  There are no clear trends in the PAH
concentrations that can be attributed to the worst case cooking method or the use of a different
cooking oil.  BeP concentrations were 3.5, 9.6, and 0.8 ηg/m3 in the three samples collected
during tests with peanut oil and 4.3 ηg/m3 in the test with the vegetable oil.  These
concentrations were higher than one of the outdoor air samples, but lower than the other.  BaP
concentrations were 2.6, 3.7, non-detectable, and 2.7 ηg/m3 during cooking tests and 0.4 and
2.1 ηg/m3 outdoors.  For other PAHs, e.g., phenathrene and pyrene, the indoor samples were
higher than outdoors.

The data suggest that PAHs may be elevated indoors due to the cooking activities.  This
is consistent with results of previous studies.  Wallace (1998) has shown increased
concentrations of total PAHs measured with a continuous PAH monitor during cooking.
Dubowsky et al (1999) reported peak total particle-bound PAH concentrations in a range from
non-detectable to 670 ηg/m3 during cooking when measured with a Gossen PAS monitor.
Chuang et al. (1991) reported that differences in PAH concentrations could be related to the
presence of gas or electric appliances.  A number of reports of PAHs in cooking oil fumes have
been reported (Wu, et al., 1998; Shuguang et al., 1994; Shields et al., 1995; and Chiang et al,
1997).  However, because of the low concentrations and associated high level of analytical
uncertainty, it is difficult to draw quantitative conclusions from the data collected in this study.
The data indicate that further measurements of this pollutant are warranted to determine the
magnitude of cooking as a source.  To obtain quantitative measurements that can be related to
variables such as the type of cooking oil, different cooking and sampling protocols will be
required.  Larger volume samples in conjunction with more sensitive analytical methods are
necessary to obtain the level of accuracy and precision required to meet this objective.

Due to the health risks associated with PAHs, it is important that data be collected on the
contribution of cooking to PAH exposures.
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Table 4-9.  PAH Concentrations (ηg/m3) Measured in This Study Compared to the ARB
Northern California Study and PTEAM/CARB Study

Indoor Outdoor ARB – Northern CAa PTEAM Range

Average Maximum Average Maximum Average
Indoor

Average
Outdoor Indoor Outdoor

Acenaphthylene 0.0b 0.0b 0.0b 0.0b 14 19 NQc - 16 NQ - 16
Phenanthrene 26 53 6.2 6.2 20 27 8.1 – 32 3.0 - 22
Anthracene 0.0b 0.0b 0.0b 0.0b 1.2 3.2 NQ – 1.2 NQ – 1.6

Fluoranthene 7.4 20 2.7 2.7 2.3 7.0 NQ – 3.1 NQ – 4.8
Pyrene 12 19 3.7 4.9 2.5 6.5 0.8 - 3.6 0.68 – 4.1

Benz(a)anthracene 18 18 0.7 0.7 0.55 1.4 NQ – 2.3 NQ – 0.56
Chrysene 7.1 12 0.6 0.9 0.61 1.9 NQ – 2.9 NQ – 1.0

BeP 5.4 9.6 2.1 3.5 0.55 0.89 NQ – 0.60 NQ – 0.85
BaP 6.2 21 2.1 3.7 1.2 1.4 NQ – 0.77 NQ – 1.4

Indeno[123-cd]pyrene 0.0b 0.0b 0.0b 0.0b 1.9 2.0 NQ – 1.7 NQ – 1.6
Benzo(ghi)perylene 9.2 9.2 0.1 0.1 1.5 1.6 NQ – 3.5 NQ – 3.1

Coronene 6.2 6.2 1.4 2.8 1.2 0.89 0.3 –2.3 NQ – 2.9
a Arithmetic mean reported for the Wood stove category
b Correction with background data resulted in zero or negative value.
c Below quantifiable limit

4.1.7 Aldehyde Concentrations

Samples were collected for determination of aldehydes in six tests.  The objective of the
sampling was to obtain data that could be used to evaluate the magnitude of the emissions of
aldehydes.  The tests facilitated comparison of indoor concentrations with gas and electric ranges
and of different cooking activities.  Samples were collected indoors and outdoors during tests of
oven cleaning, broiling fish, and cooking of a pork roast in the oven.

The aldehyde results, presented in Table 3-18, are depicted in Figure 4-38.  As was the case for
the other air contaminants measured in the study, the highest concentrations were measured
during oven cleaning, both with the gas and electric range.  All seven aldehydes targeted for
quantitation, of which six are depicted in the figure, were measurable during the oven cleaning
tests.  Benzaldehdye was also detected, but at low concentrations in all tests.  The average
formaldehyde concentrations during the 5-hr long oven-cleaning events were 417 and 224 µg/m3

for the gas and electric ranges, respectively.  These levels substantially exceed the 1-hour 0.076
ppm (94 µg/m3) level that is considered to be the “Acute Reference Exposure Level” by the
OEHHA.

The concentrations of formaldehyde were also elevated in the kitchen during broiling of fish in
the oven, both with the gas and electric ovens.  The concentrations in the kitchen with both gas
and electric ovens (129 µg/m3) were over the CARB action level.  The other type of cooking
event during which aldehydes were measured was cooking of a pork roast in the oven.  The
concentrations of the aldehydes in the kitchen were substantially lower during this type of
cooking.  Formaldehyde concentrations were 49 and 36 µg/m3 during the two tests, with the
lower concentration measured during the test with operation of the exhaust fan.  Although these
concentrations were below the CARB 1-hour Acute REL of 0.076 µg/m3, they were over half the
CARB residential long-term guideline value of 62 µg/m3.
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Figure 4-38. Concentrations of Aldehydes During Selected Cooking Tests
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Table 4-10. PAH Concentrations (ηg/m3)  Measured during Cooking Tests

Test No. 21 18,19,21 17 17- Dup 30 17,30

Cooking Method Stir Fry Stir Fry Stir Fry Stir Fry

Range Gas Gas Gas Gas

Test Type Standard Worst Case Worst Case Standard

Cooking Oil Peanut Oil Peanut Oil Peanut Oil Veg. Oil

Sampling Location K Outdoor K K K Outdoor

acenaphthylene 0.0a 0.0a 0.0a 0.0a 0.0a 0.0a

acenaphthene 0.0a 0.0a 0.0a 9.0 0.0a 0.0a

phenanthrene 53.3 6.2 21.6 0.0a 33.6 0.0a

anthracene 0.0a 0.0a 0.0a 0.0a 0.0a 0.0a

fluoranthene 19.8 0.0a 0.0a 0.0a 0.7 b 0.0a

pyrene 16.3 0.0a 19.1 9.0 17.4 0.0a

benz(a)anthracene 0.0a 0.7 0.0a 0.0a 17.6 0.0a

chrysene 0.0a 0.2 0.0a 5.7 0.0a 0.0a

benzo(b+j+k)phenanthrene 6.6 2.5 ND 7.4 ND 4.8

BeP 3.5 0.2 9.6 0.8 4.3 3.5

BaP 2.6 0.4 3.7 0.0a 2.7 2.1

indeno[123-cd]pyrene 0.0a 0.0a 0.0a 0.0a 0.0a 0.0a

benzo(ghi)perylene 0.0a 0.1 0.0a 0.0a 0.5 0.0a

coronene 0.0a 0.7 6.2 1.2 0.0a 0.0a

naphthalene 600.6 0.0a 631.4 0.0a 646.1 0.0a

a Correction with background data resulted in zero or negative value.
b Concentrations in italics are below the uncertainty level, as defined in Section 2.0

Acetaldehyde, also identified as a Toxic Air Contaminant by the ARB, was measurable in
all six tests.  The concentrations were 330 µg/m3 during oven cleaning and 92 µg/m3 during
broiling of fish. The acetaldehyde concentrations were below 50 µg/m3 in the pork tests.  There
are no residential guidelines for acetaldehyde, although the California Office of Environmental
Health Hazard Assessment has adopted a chronic reference exposure level (REL) of 9 µg/m3.

Propanal, butanal, pentanal, and hexanal were also measured in all six tests, but the
concentrations were substantially lower than formaldehyde or acetaldehyde.  The highest
concentrations were measured during oven cleaning.

The elevated concentrations of aldehydes in the house due to cooking are consistent with
other published reports.  Felton (1995) reported that the main volatile compounds generated
during frying were aldehydes, alcohols, ketones, alkanes, phenols, and acids.  Schauer et al.
(1998) also reported emissions of aldehydes from stir frying of vegetables and deep frying
potatoes.
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4.2 Impact of Appliance Type, Cooking Method, and Type of Food on Pollutant
Concentrations

Tests were performed with a gas range, electric range, and microwave oven in order to
evaluate the impact of the cooking appliance on indoor concentrations of the contaminants.  As
discussed in Section 4.1, seven cooking tests were performed with the gas range and the electric
range using the same protocol.  In addition, three tests were performed with the microwave oven.
The microwave tests involved (1) baking the same type of frozen lasagna as used in the gas oven
and electric oven tests, (2) preparing of bacon in the microwave for comparison to frying the
bacon in a pan on the range top burner, and (3) microwaving popcorn.  During tests with the
microwave, PM mass was not collected on filters because of the short duration of the cooking
period and low PM concentrations.  For microwave tests, PM mass was estimated based on
measurements with the ELPI.

A number of comparisons of the gas and electric range were presented in the previous
section.  The data are described further in this section.  Data for PM2.5 gravimetric measurements
are depicted in Figure 4-39.  As shown in the figure, the PM2.5 mass concentrations in the kitchen
were higher in four of the seven standard tests with the gas range.  But, as discussed previously,
due to the high variability in the PM measurements in replicate tests, the significance of these
differences cannot be determined.

Estimated PM2.5 mass concentrations from the ELPI measurements are depicted in Figure
4-40 to compare the gas and electric oven to the microwave oven.  As discussed in Section 3, the
estimated mass concentrations based on ELPI measurements were frequently, although not
always, higher than the gravimetric measurements.  However, the magnitude of the difference
between ELPI and gravimetric measurements was not consistent; a correction factor for the ELPI
mass measurements could not be derived for this data set.  The ELPI data are most useful for
identifying short-term changes in the PM concentrations.  The mass measurements should not be
compared to the gravimetric results.  This is evident in Figures 4-39 and 4-40, which show that
the gravimetric and ELPI mass measurements were in poor agreement during the gas oven self-
cleaning, but in reasonably good agreement for the electric oven self-cleaning test.
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Figure 4-39.  PM2.5 Mass in the Kitchen During Gas and Electric Tests

Figure 4-40.  ELPI PM2.5 Measurements in the Kitchen During Gas and Electric Tests
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The data in Figure 4-40 clearly demonstrate the impact of use of the microwave on
indoor air quality.  During the three microwave tests, the PM2.5 concentrations estimated by the
ELPI were 17.4, 52.1, and 23.3 µg/m3, for lasagna, bacon, and popcorn respectively.  These
concentrations were substantially lower than in the comparable tests with the gas and electric
ranges.

Differences in PM10 mass concentrations during the gas and electric range tests were
discussed in Section 4.1.  The PM10 concentrations were higher with the gas range only for oven
cleaning and cooking French fries.  Due to the high variability in the replicate tests, it is difficult
to assess significance of the differences between the gas and electric range tests.

Differences in the concentrations of the combustion pollutants during the six standard
cooking tests (oven cleaning not included) are summarized in Table 4-11.  As expected, the
concentrations of CO, NO, and NO2 were substantially higher during cooking with the gas range.
The concentrations of the combustion pollutants during cooking with the electric range were
generally close to the outdoor concentrations.

Table 4-11.  Comparison of Average Concentrations of CO, NO, and NO2 during the Six
Standard Tests with Gas and Electric Ranges

K LR MBR OA

CO (ppm) Gas Electric Gas Electric Gas Electric Gas Electric

Average 2.7 0.97 2.7 1.0 2.4 0.97 0.33 0.51

Std. Dev. 3.1 0.69 2.8 0.79 2.7 0.71 0.06 0.10
Median 1.8 0.67 2.0 0.81 1.6 0.76 0.32 0.51

NO (ppb)

Average 98 7.4 110 10 91 6.4 7.8 7.3

Std. Dev. 98 4.5 97 6.5 98 4.4 5.7 4.8
Median 78 8.0 98 9.6 61 6.3 8.0 8.8

NO2 (ppb)

Average 64 27 70 31 54 26 19 26

Std. Dev. 35 6.0 36 6.7 26 6.3 8.8 6.5
Median 62 26 62 31 58 27 20 25

The impact of the type of cooking on concentrations of PM and the combustion pollutants
has been described in detail in the previous discussions.  In general, differences were seen
between the tests with range burners and those with the oven.  There were differences between
methods involving frying in oil in a pan on the range top burner versus the pan and stovetop stir-
frying; but there was not a clear trend in the differences that could be used to explain the
differences, particularly due to the high variability in the emissions.

Similarly, the impact of the type of food on the emissions cannot be clearly discerned
based on room air concentrations of the PM and combustion pollutants.
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4.3 Impact of Cooking Utensil

During a subset of tests, cooking was performed with different pans and pan lids to
determine the impact on emissions during cooking.  Figure 4-41 depicts PM2.5 and PM10 mass
concentrations in the kitchen during tests to evaluate different pan materials, use of a pan lid, and
operation of the range hood exhaust fan.  To evaluate these variables, loose ground beef was
fried in a pan on the gas range burner.  A second set of tests to evaluate pan materials and the
impact of the range hood exhaust fan were performed by cooking a pork roast in the gas oven.
The results of those tests are depicted in Figure 4-42.  For both cooking types, the standard tests
were performed on the same gas range during the pre-test prior to the main study; but there was
very high variability in the replicate tests, particularly for the PM2.5.  For both cooking types, the
standard tests were performed on the same gas range during the pre-test prior to the main study;
but there was very high variability in the replicate tests, particularly for the PM2.5.  As discussed
previously, there was high variability in both the PM measurement with the PEMs and between
replicate tests with the same cooking method.  As a result of the high variability, there were
cases where the reported PM2.5 concentrations were higher than the PM10 concentrations.
Comparison of results from the different tests, therefore, is difficult.

As shown in Figures 4-41 and 4-42, there is no clear indication that the pan material or
use of the pan lid has a significant effect on PM concentrations.  Although the PM concentrations
are depicted only for the kitchen, concentrations in the other rooms were not substantially
different due to different pan materials or use of the lid (Tables 3-4 and 3-5).

Element concentrations were measured in the PM10 samples collected during the two tests
with the cast iron skillet and the test with the Teflon skillet with the pan lid.  The
concentrations of metals, including iron, nickel, copper, and chromium were not elevated in the
tests with the cast iron pan compared to the Teflon coated stainless steel skillet.  There were
some differences in the metals concentrations between the tests, but they were generally no
greater than the differences between the replicate tests with the cast iron skillet.

4.4 Exposure Reduction Methods

The impact of simple exposure reduction methods was evaluated during the study.  As
discussed above, the use of the microwave had a significant impact on reducing exposure to
particles and combustion pollutants.  An easily implemented exposure reduction method is the
use of range hood exhaust fans.  For improved capture efficiency, range hoods can be configured
with side shields from the range top to the range hood.  These shields can be easily configured.
The Test House was equipped with a standard inexpensive single speed exhaust hood fan that
vented through the roof of the house.  The airflow rate through the hood was measured at 218
cubic feet per minute (6.17 m3/min = 370 m3/hr).  The impact of the range exhaust hood on
indoor air concentrations of the pollutants emitted during cooking was evaluated during frying of
loose ground beef in a pan on the range top burner and cooking a pork roast in the gas oven.

The results are depicted in Figures 4-43 and 4-44.  The figures show the results for tests
with the range exhaust and the exhaust configured with range hood shields.
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Figure 4-41.  Impact of Exposure Reduction Methods During Frying of Ground Beef

Figure 4-42.  Impact of Exposure Reduction Methods During Cooking Pork Roast in Oven
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Figure 4-43.  Impact of Range Hood Exhaust on PM2.5 Concentrations

Figure 4-44.  Impact of Range Hood Exhaust on PM10 Concentrations
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Operation of the exhaust hood increased the air exchange rates in the house.  Whole
house air exchange rates, listed previously in Table 3-25, were in a range from 0.2 to 0.3 hr-1

during tests with the house closed and fans off.  The following rates were measured during the
tests with the exhaust hood operation:

• Test 26 – Ground beef fried on range top and exhaust hood operated = 0.58 hr-1

• Test 28 – Ground beef fried on range top and exhaust hood operated with range hood
shields = 0.53 hr-1

• Test 27 – Pork roast in oven and exhaust hood operated = 1.07 hr-1

• Test 29 – Pork roast in oven and exhaust hood operated with range hood shields = 0.78
hr-1

• Test 19 – Fish broiled in oven with no exhaust fan operation, but window in MBR open =
0.98 hr-1

The use of the exhaust fan without range hood shields during frying ground beef on the
range top did not appear to impact concentrations of PM2.5 in the kitchen, based on the
gravimetric measurements (Figure 4-43).  The concentration of PM2.5 in the LR and MBR were
similar, regardless of whether the fan was used or not.  However, the fan operated with the range
hood shields did have an impact, resulting in lower PM2.5 concentrations in all rooms.
Measurements with the ELPI during the three tests showed lower concentrations of PM2.5 during
use of the range fan only and the range fan with range hood side shields.  During operation of the
range hood fan, the average concentration during the test was 40% of that without fan operation.
When the fan was operated with the range hood side shields, the average PM2.5 concentration
was 34% of that without the fan.

During the tests for frying ground beef on the range top, the PM10 concentrations were
also lower when the fan was operated with side shields.  Operation of the range fan only did not
show a reduction in PM10 concentration.  As discussed previously, the ELPI could not be used to
estimate PM10 concentrations due to the low number of particles in the large fractions.  The
impact of the range hood fan and range hood side shields, therefore, could not be verified with
ELPI measurements.  The apparently poor performance of the exhaust fan only may have been
related to the fact that the front burner was used, and due to the presence of the cook at the front
of the range.  Both factors may reduce capture efficiency.  Use of the range hood shields
appeared to improve capture efficiency.

During use of the oven for the pork roast, there appeared to be little impact of the use of
the exhaust fan only on PM2.5 or PM10 concentrations in the three rooms, based on the
gravimetric measurements of PM.  However, use of the range hood shields resulted in lower
PM2.5 concentrations in the LR and MBR.  The high PM2.5 concentration measured by the
gravimetric method during the test with the range hood shields appears to be an outlier because
the concentration was so much higher than the PM10 concentration.  This was confirmed by the
estimated PM2.5 based on the ELPI measurements, which showed a large reduction in PM2.5 in
the kitchens due to operation of the exhaust fan with and without range hood side shields.  Based
on the ELPI measurements in the size fractions less than 2.5 µm, the average concentration was
33.5 µg/m3 during the test without exhaust fan operation (Test No. 25), 3.2  µg/m3 during the test
with the exhaust fan only (Test No. 27), and 5.8 µg/m3 during Test No. 29 when the exhaust fan
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was operated with range hood side shields.  For the PM10 size fraction there appeared to be little
impact if the range hood exhaust fan was operated without side shields.  With range hood side
shields, there was a reduction in PM10 concentrations in the three rooms.

The impact of the exposure reduction methods on concentrations of combustion
pollutants is summarized in Table 4-12.  The results, like those for PM, were inconclusive.
During the tests involving frying of ground beef on the range-top burner, there was no clear
impact on CO because the concentrations were near the detection limit.  There was a reduction of
NO in the tests with operation of the exhaust fan with and without the range hood side shields,
but there was no apparent impact of the range hood exhaust fan on NO2 when only the exhaust
fan was operated.  However, the outdoor NO2 concentration on the day of the test with the range
hood exhaust fan was 22.3 ppb compared to 12.5 ppb on the day without exhaust fan operation.
Similarly, the apparently large impact of the exhaust fan operated with range hood side shields in
place was partially due to the fact that the outdoor concentration averaged 0.9 ppb during the
test.  For this series of tests, the outdoor concentrations of NO2 had a major impact on the test
results.

During the use of the oven for cooking the pork roast under standard conditions without
the exhaust fan (Test No. 25), the data for CO, NO, and NO2 were lost due to a malfunction of
the data acquisition system.  If data from the pre-test are used for comparison to the tests in the
main study with the exhaust fan, there appears to be a substantial effect of the exhaust fan on the
pollutant concentrations when operated either with, or without the range hood side shields.   For
this series of tests, the outdoor NO2 concentrations were similar during the three tests.

The study design was too limited in scope to adequately address the impact of the simple
exposure reduction methods on indoor air concentrations and exposures to emissions from
cooking.  A larger number of tests, with more replication, would be required.

Table 4-12.  Impact of Exposure Reduction Methods on Average Combustion Pollutant
Concentrations in the Kitchen during the Cooking Period

Pollutant Type of Test Ground Beef Pork Roast Broil Fish

CO (ppm) Standard 0.9 3.8a 3.2 (2.6)b

Exhaust Hood 0.9 1.2 --c

Range Hood Shields 0.4 1.0 --

MBR Window Open -d - 3.3 (2.4)

NO (ppb) Standard 90.5 148a 4.9 (0.9)
Exhaust Hood 49.3 80.1 --

Range Hood Shields 19.8 68.6 --

MBR Window Open - - 33.5 (31.0)

NO2 (ppb) Standard 17.9 107a 94.1 (78.4)

Exhaust Hood 27.2 17.5 --

Range Hood Shields 1.6 18.3 --

MBR Window Open - - 92.7 (46.0)
a Concentrations measured in Pre-Test; data in Test No. 25 lost due to data acquisition system problem
b Concentrations in parentheses are in the MBR
c Range hood not operated during these tests
d Window opening applies only to one broiling fish test
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4.5 Emission Rates

The emission rates for PM and the combustion pollutants were calculated for each test and
presented in the tables in Section 3.  Emission rates were also calculated for PAHs and elements,
although the number of samples with measurable concentrations was low, and samples were
collected at only one location in the house (kitchen).  Calculations were made using room air
concentrations, the outdoor concentrations, and the air exchange rates measured during the tests.
The following discussion summarizes the calculated emission rates.

4.5.1 PM Mass Emissions

The emission rates for PM mass were calculated using a dynamic mass balance model, as
described in Section 2.0.  The house volume of 187.2 m3 was used for the mass measurements
made in the kitchen.  A penetration factor of 1.0 was used for both PM2.5 and PM10.  The
deposition velocity was estimated for PM2.5 using the SF6 decay rate during air exchange rate
measurements and the concentration data from ELPI measurements during the one-hour post
exposure period.  The deposition velocity calculated for 14 standard tests was 0.31 ± 0.12 hr-1.
The deposition velocity of 0.31 hr-1 for PM2.5 was in reasonable agreement with the value of 0.39
hr-1 reported for the PTEAM study (Wallace, 1996).  It should be recognized that this deposition
may be low because it was estimated based on measurements with the ELPI, which was located
in the kitchen with the source.  The deposition velocity may have been higher had the
measurements with the ELPI been performed further away from the source.  This may be
especially true for the emissions from cooking, which are primarily grease droplets.  The
deposition velocity for PM10 could not be estimated with the ELPI data.  There were too few
particles in the three largest size fractions for reliable measurements with the ELPI.  Therefore,
the deposition velocity of 1.01 hr-1 reported for PTEAM (Wallace, 1996) was used for PM10.

The emission rates for PM2.5 and PM10 were presented in Tables 3-31 and 3-32.
Summary statistics are presented in Tables 4-13 and 4-14 to compare emission rates for the six
standard tests with gas versus the same six tests with the electric range.  The oven cleaning tests
are not included in this analysis.  The emission rates for PM2.5 ranged from 65.9 to 318.2 mg/hr
for the six standard gas range cooking tests and 25.5 to 617.8 mg/hr for the electric tests.  Both
the average and median emission rates were similar during the electric tests than in the gas tests.
The source strengths (µg PM2.5 per g of food, which is equivalent to mg/kg) were more similar
than the emission rates, with average source strength of 172.1 µg/g for the six gas tests and 100.6
µg/g for the electric tests.  Source strengths for the six standard cooking tests are depicted in
Figure 4-45.  The source strengths for PM2.5 in these six tests differed the most between the gas
and electric range for the tests with frying of tortillas and baking the lasagna in the oven.  When
normalized to energy use during the cooking tests, the average emission factors for the six tests
were higher for the tests with the electric range.

The emission rates for PM10 during the six standard tests also differed substantially for
the gas and electric tests (Table 4-10).  The emission rates ranged from 135.6 to 1362 mg/hr with
the electric range compared to 70.7 to 318 for the gas range during the six tests, the average and
median rates being higher for the electric tests.  As depicted in Figure 4-46, the PM10 source
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Figure 4-45.  PM2.5 Source Strengths (mg/kg food)

Figure 4-46.  PM10 Source Strengths (mg/kg food)
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strengths were higher in five tests with the electric range, similar for French fries, and higher for
the gas oven tests.

Emission rates during replicate tests were discussed previously in Section 4.1.1.2 and
summarized in Table 4-1.  For the best case, the replicate test with French fries, the relative
difference in the source strength was 15% for PM2.5 and 44% for PM10.  For the worst case
replicate test, baking lasagna in the gas oven, the relative differences between the replicate tests
were 66% for PM2.5 and 47% for PM10.  The differences were similar when emission rates were
normalized to the energy use (µg/BTU) with relative differences of 68% and 49% for PM2.5 and
PM10, respectively.  The emission rate measurements, like the room air concentration
measurements discussed in Section 4.1, showed that there was high variability in the emissions
during cooking, even with replicate tests using the same food item and cooking method.

There are few published data available for comparison of emission rates and source
strengths.  Rogge et al. (1997) reported source strengths measured during tests in an
environmental test chamber ranging from approximately 50 to 1500 mg/kg for cooking tests with
gas and electric ranges.  Although the paper did not list the values, the figure included in the
paper showed emissions of approximately 100 mg/kg, over an order of magnitude higher than
the emissions measured in this study for the French fries test.  His results for pan-frying meats
averaged approximately 300 mg/kg, again an order of magnitude higher than the rates calculated
for frying bacon in this study.  Error bars on his chart showed that the emissions varied
substantially.  In the case of pan-frying meats, the results were approximately 300 ± 100 mg/kg.

The emissions reported by Rogge et al. (1997) for PM10 ranged from approximately 100
mg/kg for French fries to nearly 2,500 mg/kg for pan-frying fish.  The emissions measured in
this study were substantially less.  The maximum PM10 emissions during cooking in this study
were 108.3 mg/kg for the worst case broiling fish test.
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Table 4-13.  Calculated Emission Rates for PM2.5 Mass (Gravimetric Samples)

Emission Rate Source Strength Food-specific
Emission Factor

Power-specific
Emission Factor

mg/hr µg/g food µg/g/hr µg/BTU

Gas Tests (2- 7)

Minimum 65.9 15.3 13.5 8.5

Maximum 318.2 452.8 305.9 51.8

Average 220.5 172.1 185.0 33.0

Std. Dev. 84.8 155.8 100.3 14.9

Median 242.1 135.2 207.1 36.1

Electric Tests (9 – 14)

Minimum 25.5 22.4 21.8 7.8

Maximum 617.8 232.4 324.3 80.7

Average 232.6 100.6 156.0 35.3

Std. Dev. 208.2 81.1 121.8 26.7

Median 201.8 70.3 131.3 24.8

Table 4-14.  Calculated Emission Rates for PM10 Mass (Gravimetric Samples)

Emission Rate Source Strength Food-specific
Emission Factor

Power-specific
Emission Factor

mg/hr µg/g food µg/g/hr µg/BTU

Gas Tests ( 2- 7)

Minimum 70.7 41.2 36.3 14.6

Maximum 318.3 213.2 313.6 39.8

Average 201.8 114.7 162.7 27.5

Std. Dev. 93.4 60.1 120.0 8.6

Median 180.4 118.6 137.5 28.0

Electric Tests (9 – 14)

Minimum 135.6 17.6 42.4 19.6

Maximum 1361.8 449.7 1284.7 161.3

Average 565.4 272.9 470.6 86.1

Std. Dev. 496.4 163.6 467.2 53.9

Median 390.4 292.6 346.4 86.4
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 Emission rates during cooking with commercial institutional scale deep fryers have been
reported by Schauer et al. (1998) for an ARB project.  In that project, professional chefs prepared
vegetables by stir frying in soybean or canola oil and deep fat fried potatoes in oil.  Fine particle
emission rates were 21.5 ± 1.2, 29.5 ± 1.3, and 13.1 ± 1.2 mg/kg for vegetables cooked in the
two oils and deep fat frying of potatoes, respectively.  These emission rates are within the range
of rates measured in this study.  However, emissions during food preparation by a professional
chef using large commercial cookers may differ substantially from emissions in a residence.

Gerstler et al. (1998) also measured emissions from commercial cooking appliances.
They measure PM emissions from institutional size griddles, fryers, broilers, ovens, and ranges.
As an example of their results, they reported PM2.5 and PM10 source strengths of less than 0.5
g/kg during tests with the gas oven.  The emissions during cooking with the gas range top
burners were even lower.

At the present time, there is little data on cooking emission rates for comparison to the
results of this study.  Although the emission rates measured in this study appear to be much
lower than those measured by Rogge et al. (1997) in chamber tests, the comparison is made
based only on data presented in a single technical paper.  The complete database is not available.
There may be many reasons to explain the lower emissions measured during this study compared
to the data published by Rogge et al.  The foods and cooking methods undoubtedly differed.
Because the final report for the work by Rogge et al. was not available at the time this report was
prepared, we do not know how the cooking protocols and test methods differed.  We also do not
have details on the foods cooked in those tests.

4.5.2 Gaseous Combustion Pollutant Emission Rates (CO, NO, NO2)

Emission rates were calculated for CO, NO, and NO2 using data collected with the real-
time monitor that cycled through the K, LR, MBR, and outdoor sampling locations.  CO, NO,
and NO2 emission rates were calculated with the mass balance model described in Section 2.  A
penetration factor of 1.0 and decay rate of 0.0 hr-1 were used for CO and NO calculations.  A
penetration factor of 1.0 and decay rate of 0.8 hr-1 were used for the NO2 calculations.  The
decay rate was the same as recommended in the model developed by ARB for assessing indoor
exposure to air pollutants (Koontz et al. 1998).  The value is consistent with the value of 0.77 hr-1

that Traynor (1999) found in the review of data from six studies.

The CO emission rates, presented in Table 3-28, can be summarized as follows:

• Emission rate averages ranged from 25.7 mg/hr during frying of bacon on the electric
range top burner to 10405 mg/hr during the test broiling fish in the gas oven

• The average emission rate for the gas range tests was 1293 ± 1930 mg/hr, with the oven
self-cleaning test excluded

• The average source strength, normalized to the mass of food cooked, ranged from 34.5 to
20205 µg/g/hr, with an average of 398 ± 718 µg/g/hr

• Normalized to the energy used for cooking, the emissions averaged 159.6 ± 187.3
µg/BTU
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• The CO emission rate averaged 78.3 µg/BTU during operation of the oven without
cooking of food

• The CO emission rate averaged 153.3 µg/BTU during operation of the range top burner
with only a pan of water

• The CO emission rate averaged 143.1 µg/BTU during cleaning the gas oven and
averaged 137.8 µg/BTU for the electric oven

The emission rates for CO, based on the weight of food cooked, are depicted in Figure
4-47.  As expected, the source strengths were related to the use of the gas range, with the
emissions higher in five of the six standard cooking tests with the gas range.  CO emissions with
the electric range were highest when the oven was used to broil fish, but the emissions were still
substantially less than when fish were broiled in the gas oven.  Rogge et al. (1997) reported CO
emissions as high as approximately 3500 mg/kg of food during broiling meats.  Their emissions
were nearly an order of magnitude higher than measured in this study.  The CO measurements
during oven cleaning reflect the cooking of food residues deposited on the oven lining.  The level
during the gas oven cleaning was over three times the background measurements taken for an
empty, clean oven, and the electric oven measurements reflect only residue burning due to the
absence of a flame.

NO emission rates, presented in Table 3-29, ranged from 8.2 to 232.6 mg/hr during gas
range tests, with an average for 31 test periods of 89.4 ± 59.5 mg/hr.  The emissions ranged from
3.1 to 152.9 mg/kg of food and averaged 47.1 ± 37.1 mg/kg.  Normalized to gas use, the
emissions averaged 13.7 ± 8.2 µg/BTU.  For the six standard tests, the highest emissions of NO
were measured during French fries on the gas range.  As expected the emissions during cooking
with the electric range were insignificant compared to the gas range.  The emissions measured in
this study were lower than those reported by Rogge et al. (1997).  They reported NO emissions
of up to approximately 150 mg/kg during cooking French fries.

The NO2 emission rates, presented in Table 3-30, can be summarized as follows:

• Emissions ranged from 6.2 to 167.8 mg/hr and averaged 54.6 ± 41.7 mg/hr in 31 test
periods during which the gas range was used for cooking, excluding oven cleaning.

• During gas oven cleaning, the NO2 emission rate was 137.4 mg/hr.
• Emissions averaged 7.6 ± 3.6 µg/BTU during the 31 cooking periods with the gas range.
• The highest emissions rate occurred during oven cleaning, broiling fish in the oven,

stovetop-stir fry, and baking the lasagna in the oven.  This was consistent with the higher
emissions rate measured during background tests with the oven.

• Baseline emission rates without food cooking were 5.8 µg/Btu from the range top burner
and 7.8 µg/BTU from the oven.

Rogge et al. reported NO2 emissions of up to approximately 180 mg/kg for broiling
meats.  During this study, the highest emission of NO2 was 166.3 mg/kg during the worst case
broiling fish test.  But the NO2 emission rates, as depicted in Figure 4-48, appear to be closer to
the values reported by Rogge et al. than either NO or CO.  Differences between the Rogge et al.
results and results in this study may be due to the cooking protocols, differences in the gas
ranges, or other factors.
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Figure 4-47.  CO Source Strengths (mg/kg food)

Figure 4-48.  NO2 Source Strengths (mg/kg food)
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4.5.3 PM Emission Rates Measured with the ELPI

Emission rates were calculated for particle concentrations and particle mass based on the
ELPI measurements for different size fractions.  The results were presented in Tables 3-33 and 3-
34. The emission rates for particles ranged from less than one million/hr to 650 million
particles/hr.  The highest emission rate was measured during the worst case test with broiling
fish, consistent with the emission rate calculated based on gravimetric PM2.5 measurements.  The
average emission rate was 124 ± 137 million/hr.  The results showed that most of the particles
were in the less than 0.5 µm size fraction for practically all tests.  Although these data are not
discussed in detail in this report, they may be useful for comparing emission rates of the different
size fractions for the different cooking methods.

Mass emission rates were also calculated using the ELPI measurement data.  The results,
presented in Table 3-34 should be considered qualitative because the relationship between the
mass estimates with the ELPI and the actual concentrations could not be determined from the
gravimetric measurements.  As shown in the table, the estimated concentrations for PM10 are
often unrealistic when compared to the gravimetric PM mass data.  The ELPI generally over
predicts the PM10 mass concentrations.  There were few particles in the large size fractions
during these tests, which would result in poor counting statistics and inaccurate mass estimates.
For the smaller size fractions, the average estimated PM mass concentrations were 1.7, 28.1,
49.1, and 59.5 µg/m3 for the 0.1, 0.5, 1.0, and 2.5 µm size fractions, respectively.  The ELPI data
suggest that most of the mass is in the less than 1.0 µm size fraction.

4.5.4 Aldehyde Emission Rates

Aldehydes were measured during six tests to obtain preliminary data on the impact of
cooking on aldehyde exposures in the home.  The samples were collected only in the kitchen.
The emission rates, therefore, were calculated using the single measurement to represent the
concentration in all rooms of the house.  Due to the lack of data, the penetration rate was
assumed to be 1.0 hr-1, and a deposition rate of 0.0 hr-1 was used in the mass balance model.  The
estimated emission rates were presented in Table 3-35.

Formaldehyde and acetaldehyde emission rates are highlighted in Table 4-15.  The
highest emissions occurred during fish broiling.  The self-cleaning oven rates with the gas range
were about twice those for the self-cleaning of the electric oven.  During the tests of broiling
fish, the emissions were not substantially different for the tests with the gas and electric range.
The estimated emission rates for the other test with the oven, cooking a pork roast, were similar
to the emissions during the other cooking tests.  During Test 25, the acetaldehyde concentration
in the outdoor air sample was higher than indoors, resulting in the negative rate calculated with
the mass balance model.  These data are entered as flagged zeros.

Emission rates have not been reported previously for cooking in residences.  In a previous ARB
project to measure emissions during commercial cooking operations, Schauer et al. (1998)
reported emissions of 20,100 µg of formaldehyde per g of food during stir frying of vegetables in
an institutional size cooker.  They reported emissions of 12,400 µg/g of formaldehyde and
20,900 µg/g of acetaldehyde during deep fat frying of potatoes.  These rate over three orders of
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magnitude higher than measured in this study.  But the commercial cooking method and the
residential method emissions may be substantially different.  The number of tests and number of
samples collected in this study for aldehydes was too limited to draw conclusions about the
emission rates.  The data, however, show that impact of cooking on exposure to aldehydes
should be addressed in future exposure studies.

Table 4-15.  Formaldehyde and Acetaldehyde Emission Rates

Test No. Type Range Conditions Emission Rate
Source

Strength (per
gram of food)

Food-specific
Emission

Factor

Power-
specific
Emission
Factor

mg/hr µg/g µg/g/hr µg/BTU
1 Oven Cleaning Gas Formaldehyde 49.8 N/A N/A 9.4

Acetaldehyde 52.1 N/A N/A 9.9
8 Oven Cleaning Electric Formaldehyde 26.6 N/A N/A 3.7

Acetaldehyde 39.3 N/A N/A 5.5
6 Broil Fish Gas Formaldehyde 48.0 33.9 46.2 4.9

Acetaldehyde 34.7 24.5 33.4 3.5
13 Broil Fish Electric Formaldehyde 59.5 42.7 71.2 6.4

Acetaldehyde 50.0 35.9 59.9 5.4
25 Pork Roast Gas Formaldehyde 6.9 10.8 3.6 2.0

Acetaldehyde 0.0a N/A N/A N/A
27 Pork Roast Gas Formaldehyde 10.5 16.1 5.3 2.9

Acetaldehyde 3.9 6.0 2.0 1.1
a- Correction with background data resulted in zero or negative value.

4.5.5 Element Emission Rates

Emission rates were estimated for the elements measured in PM10 samples collected in a
subset of tests.  The rates are based on the concentration measured in the kitchen, which had to
be used to represent the concentration within the whole house volume.  A penetration rate of 1.0
hr-1 was assumed.  The deposition rate used for PM10 of 1.01 hr-1 was used in the mass balance
model.  Results were presented in Table 3-37.  Because of the low number of samples with
measurable concentrations, there is a high level of uncertainty associated with the emissions
estimates.  Consistent with the indoor air concentration data, the emission rates were highest
during the oven cleaning tests.  Emission rates were highest for silicon, phosphorous, chlorine,
bromine, and potassium.  The emissions were generally low for the heavy metals.  Copper
emissions were elevated, but they were an artifact because the source was most likely the
sampling pumps and motors in the house.

4.5.6 PAH Emission Rates

The emission rates estimated for the PAHs were presented in Table 3-36.  With the
exception of naphthalene, elements measured in PM10 samples were collected in a subset of tests.
The rates are based on the concentration measured in the kitchen, which had to be used to
represent the concentration within the whole house volume.  A penetration rate of 1.0 hr-1 was
assumed.  The deposition rate used for PM10 of 1.01 hr-1 was used in the mass balance model.
Emission rates listed as zero in the table mean that the compound was not detected in the sample.
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PAH emission rates were less than 19.9 µg/hr for all compounds except naphthalene.  In most
cases, the emission rate was zero or negative.  Naphthalene source strengths ranged from zero
during the French fries test to 302.1 ηg/g during the broiling fish test.

Although the emission rates estimated from the samples collected in this study were low,
the presence of PAHs in the cooking oils and the concentrations measured indoors during the
tests suggest that additional measurements are warranted to more fully evaluate the impact of
cooking on exposure to PAHs.


